Novel freestanding graphene oxide (GO)-embedded porous carbon nanofiber (PCNF) webs were prepared by electrospinning from polyacrylonitrile and GO, followed by carbonization and steam activation, and their electrosorptive performance as binder-free electrodes in capacitive deionization was evaluated. Both GO-PCNF and PCNF demonstrated higher electrosorptive capacities than commercial activated carbon fiber by virtue of smaller diameter and shallower pores. More importantly, GO-PCNF webs processed higher mesopore ratio and electrical conductivity due to GO embedment, which could lead to reduced ion-transport obstacle and enhanced electrical double-layer capacitance, compared to pristine PCNF. Thus, GO-PCNF electrode exhibited better deionization performance.
Introduction
Severe fresh water shortage has occurred globally due to environment contamination and consumption. Capacitive deionization (CDI) which removes ions from brackish water and produces fresh water with less energy and environmental hazard has attracted more and more interests in the past few years [1, 2] . To achieve a high electrosorption capacity for CDI, electrode materials with large surface area and proper functions are the key point [3] . Among various porous carbons with different textures, porous carbon nanofiber (PCNF) webs prepared by electrospinning and subsequent thermal treatment are found to be promising electrode material for CDI process due to freestanding monolithic characteristic and developed pore structure [4] [5] [6] . Electrospinning is an effective method to prepare macroscopic fiber webs productively and conveniently [7, 8] . The electrospun PCNF webs can be used directly as electrodes without adding binder and exhibit good ion-removal performance.
Modifying the porous structure and electrical properties of electrospun PCNF webs would further enhance desalination capacity. This optimization can be achieved by adding foreign materials (carbon black and carbon nanotube, etc.) into polymer matrix, which has been demonstrated by the improved physicochemical characteristics of electrospun composite webs in studies for various electrochemical applications [9] [10] [11] . Graphene oxide (GO) possesses excellent 2D nanostructure, and its abundant oxygen functional groups can lead to the formation of strong interaction between GO and polymer which is beneficial for the structural stability of webs 4 [12] [13] [14] [15] . Moreover, reduced graphene oxide (RGO) obtained from GO by thermal treatment possesses higher degree of graphitic structure and consequently outstanding electrical properties [16, 17] . Thus, GO can serve as good nanofiller to enhance the network structure and electrical properties of PCNF webs.
In the present work, novel GO-embedded PCNF webs were prepared by electrospinning and following thermal treatment, and used directly as CDI electrodes.
The resultant webs with GO incorporation possess nanometer-scaled fiber diameter and improved hierarchical pore structure and electrical conductivity, and consequently show higher salt-removal capacity than pristine PCNF webs and commercial activated carbon fiber (ACF).
Experimental

Materials
Polyacrylonitrile (PAN, Mw = 150,000) was purchased from Aldrich Chemical Company Inc. (USA). Other reagents were purchased from Beijing Modern Eastern Finechemical Co., Ltd., China. All chemicals were used as received without further purification. For comparison, commercial activated PAN-based carbon fiber web, which was supplied by Challenge Carbon Technology Co., LTD, Taiwan, was used as an electrode material.
Synthesis of GO/PCNF webs
GO nanosheets were prepared from expanded graphite powder according to a modified Hummer's method [18] . (See details in the Supporting Information.) GO nanosheets were dispersed in N, N-dimethylformamide (DMF) and ultrasonically 5 treated for 2 h. Then, PAN (10 wt.%) was added into the GO/DMF solution and stirred at 65 °C to obtain a homogeneous solution. The weight ratio between PAN and GO was 1:0.05.
The obtained solution was electrospun into GO/PAN nanofiber webs. The electrospinning equipment and process were described in our previous work [19] 
Characterization
The scanning electron microscope (SEM, LEO-1530, Germany) and Raman spectroscopy (Renishaw Invia RM200, England) were used to study the surface morphology and structure of webs. Pore structural properties were investigated from N 2 adsorption at 77 K (Quantachrome Autosorb-1, USA). The samples were degassed at 195 °C for about 18 h before the test. Galvanostatic constant current charging/discharging tests of as-made webs were carried out on an Arbin-BT2000
(Arbin Instruments) workstation using a three-electrode testing system with a platinum foil as counter electrode and a Hg/HgO reference electrode in 6 M KOH aqueous electrolyte. 6 
CDI measurements
The various webs were tested as CDI electrodes in an electrosorptive setup which was illustrated in our previous work [4] . NaCl solution was pumped into the bottom and extracted from the top of the cell by a peristaltic pump with a flow rate of 6 mL min -1 . In all experiments the operation voltage was 1.2 V, and the volume of NaCl solution was 9 mL. The solution conductivity was continuously monitored at 10 s intervals using a conductivity meter (type 308A, Leici Company). In the regeneration process, the operation voltage was canceled, while NaCl solution was still pumped continuously. When the concentration returned to the initial value, the next deionization process started.
The electroadsorption capacity Q t can be calculated according to the following equation:
Here C 0 (mg L -1 ) is the initial concentration of NaCl, C t is the instantaneous concentration of NaCl at time t, V NaCl (mL) is the solution volume, and M (g) is the mass of various web electrodes. GO-PAN and GO-PCNF. In addition, the fiber diameter of commercial ACF is around 5 μm (Fig. 1f) , much larger than the cases of PCNF and GO-PCNF.
Results and discussion
Materials characterization
Raman spectra in Fig. 2 show that as-spun GO-PAN web exhibits two additional peaks at around 1350 (D band, the defects and disordered band) and 1590
(G band, the ordered graphitic band) cm -1 in comparison to pristine PAN web, demonstrating that GO has been embedded into the PAN substrate. After thermal treatment, both PCNF and GO-PCNF exhibit overlapping D band and G band. The intensity ratios of D band to G band (I D /I G ) for PCNF and GO-PCNF are 3.56 and 3.15, respectively, indicating that GO-PCNF web has higher degree of graphitic structure than pristine web [10] . This can be attributed to the fact that GO is partly transformed to RGO with relatively ordered structure by thermal treatment, considering that thermal annealing is an effective reduction strategy to obtain RGO from GO [16, 20] . Moreover, the existence of GO and RGO can potentially promote 10 the formation of ordered graphite carbon during the process of carbonization and activation [17] . classification, demonstrating that micropores are dominant [21] . While for GO-PCNF, the amounts adsorbed rise steeply close to the saturation vapor pressure, which means unrestricted multilayer formation process of large mesopores and macropores [22] .
Pore structural parameters of three webs are listed in Table 1 . ACF possesses the highest specific surface area and pore volume. However, the mesopore volume and mesopore ratio of GO-PCNF web are higher than those of other webs. Pore size distributions of three webs calculated by non-local density function theory [23, 24] are shown in Fig. 3b . From PCNF to GO-PCNF, pores with widths of 0.5-0.7 nm 11 decrease sharply and pore widths shift to larger values, indicating that some micropores have expanded to larger pores, which coincides with the increased mesopores for GO-PCNF (Fig. 3b inset and Table 1 ). The well-developed hierarchical pore structure in GO-PCNF web could be attributed to the incorporation of GO. Some larger pores are created due to phase separation and different shrinkage between the GO and the PAN during carbonization and activation process [11] . Hierarchical pore structure with higher mesopore ratio will favor the desalination performance of electrodes by minimizing the resistance and diffusion distance of ions for CDI [25, 26] . evaluate the electrochemical performance of PCNF and GO-PCNF as self-standing 13 electrodes. The beginning of the discharge curve exhibits a steep drop, i.e., the IR drop caused by the internal resistance of electrodes [17] . The IR drop of GO-PCNF is lower than that of PCNF, implying that smaller contact resistance and internal resistance exist in GO-PCNF electrodes compared to PCNF. Therefore, GO-embedded nanofiber webs have increased electrical conductivity, which is consistent with their higher degree of graphitization (Fig. 2) . This is obviously attributed to the existence of partly obtained RGO with advantageous electrical properties in carbon nanofibers. Additionally, the specific capacitance can be calculated from the discharging curve as:
where I (A) is the applied current, t (s) is the discharge time, M (g) is the mass of electrode material, and V (V) is the discharging potential difference. The specific capacitance of GO-PCNF electrodes is calculated as 151.6 F g -1 , higher than that of PCNF (105.9 F g -1 ). Thus, enhanced electrical double-layer capacitance is observed with GO-PCNF electrodes. The formation of interconnected hierarchical structure due to GO incorporation improves the electrical conductivity of nanofiber webs and allows for outstanding electrochemical deionization performance [27, 28] . The three webs were tested directly as CDI electrodes without the addition of binder. The electrode was firstly washed with pure water until the solution 16 conductivity approached zero, and the ion-removal capacity of the webs was recorded.
CDI performance
The electrosorption capacities of PCNF, GO-PCNF and ACF webs are shown in Fig.   5 . Once the electric field was applied, the adsorption amount increased sharply. Then, the change became gradually lower until equilibrium was reached. It can be noted that both GO-PCNF and PCNF show much higher ion-removal capacities than commercial ACF, even though considerably developed microporous structure is associated with ACF web (Table 1 ). This result suggests that electrospun webs with nanometer-scaled diameter are more favorable for CDI process than conventional carbon fiber webs (micrometer scale). Carbon nanofibers with much smaller diameter possess shallower pores and more developed interconnected network architecture than conventional carbon fibers [29, 30] , which dramatically shortens the transportation distances for ions to the interior surface of electrodes and makes more ions go into pores easily, leading to an enhanced capacitive desalination.
Meanwhile, quantity electroadsorbed by GO-PCNF electrode is higher than the case of PCNF electrode ( Fig. 5a and b) . At t = 120 min, the electrosorption equilibrium is almost reached, and the respective electrosorption capacities of GO-PCNF and PCNF electrodes are 7.8 and 5.9 mg g -1 (C 0 = 100 mg L -1 ), 13.2 and 9.4 mg g -1 (C 0 = 450 mg L -1 ). The improved mesopore ratio and electrical conductivity resulting from the addition of GO minimize the diffusion resistance and distance of ions and improve the electrical connection for CDI, which is responsible for the enhanced capacitive desalination performance of GO-PCNF.
In addition, cyclic electrosorption and regeneration of GO-PCNF electrode 17 were performed to evaluate the reversibility of electrode material in CDI cells. Fig. 5c shows that there is almost no decrease in the electrosorption capacity over three cycles, demonstrating that the desalination process can be repeated very well. Thus, CDI process with GO-PCNF electrode exhibits advantageous reversibility.
Conclusion
Novel freestanding GO-embedded porous carbon nanofiber webs are successfully fabricated by electrospinning and subsequent carbonization and steam activation. The addition of GO can improve the mesoporosity and the electrical conductivity of nanofiber webs, which is beneficial for the ion-transport for CDI process. The GO-embedded nanofiber webs with nanometer-scaled fiber diameter, enhanced electrical connection and tuned hierarchical structure exhibit higher electrosorption capacity than pristine carbon nanofiber webs and commercial ACF, and provide great promise for use as electrodes for CDI. More technical routes such as optimizing the percent of GO adding are still needed to enhance the desalination performance of nanofiber webs in further study.
